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The spatial distribution of the spin current is studied in the nonlocal geometry of a contact between
ferromagnetic and nonmagnetic metals taking into account the finite size effect of the contact area
by applying finite element method in two dimensions. The sign and the order of magnitude of the
obtained spin accumulation signal are consistent with the experiment. It is shown that, with a
tunneling-like contact, the two-dimensional inhomogeneous distribution in spin current is slightly
observed, and the one-dimensional analysis is appropriate to evaluate the experimental
results. © 2004 American Institute of Physics.@DOI: 10.1063/1.1688679#
Much attention has been focused on spin-dependent
transport in magnetic nanostructures.1 In order to manipulate
the spin degree of freedom of an electron, it is necessary to
inject and accumulate the spin efficiently. The central issues
of recent interest are to create nonequilibrium spin current
and spin accumulation using the contact between ferromag-
netic and nonmagnetic metals.
In recent experiments in the geometry of nonlocal mea-
surement, spin accumulation has been observed at room
temperature.2 Subsequently, the spin accumulation is effi-
ciently improved with using tunneling contacts.3 The spin
accumulation signal in the nonlocal geometry has been theo-
retically evaluated based on the one-dimensional model,4
where the large spin accumulation signals with highly resis-
tive contacts are obtained and a strong enhancement of spin
accumulation signal is suggested with using a supercon-
ductor.
We consider a spin-injection and -detection device which
is the same configuration as studied in Ref. 4. This device, as
shown in Fig. 1, consists of a nonmagnetic metal (N) con-
nected to two ferromagnetic metals~F1 and F2!, where F1 is
a spin injector and F2 is a detector. In this work, we study the
spatial distribution of spin current taking account of the finite
size of the contact area by applying a finite element method
~FEM! in two dimensions.
For this purpose it is necessary to characterize the con-
tact regions, in addition to each metallic region. The spin-
dependent current in the metallic regions has been formu-
lated using the spin-dependent electrochemical potential
~ECP! ms (s5↑,↓)4 as follows,
¹2~s↑m↑1s↓m↓!50, ~1!
¹2~m↑2m↓!5l22~m↑2m↓!, ~2!
with the spin dependent conductivityss , and the spin-
diffusion lengthl25ts fD, wherets f andD denote the spin
relaxation time and the effective diffusion constant,
respectively.4 The spin-dependent current is derived asj s
52(ss /e)¹ms . From this, the charge and spin currents are
defined asj ↑1 j ↓ and j ↑2 j ↓ , respectively. Here, we do not
distinguish the normal from ferromagnetic metals, since
these equations are satisfied solely in each metal. By intro-
ducing the contact resistivityrcon in units of Vm
2,5 we can
define the length scale characterizing the current distribution





con is the spin-dependent contact resistivity expressed
asrs
con52rcon/(11sPJ), d
(F) the thickness of a ferromag-
netic metal,PJ the contact current spin polarization~SP! and
set to be 0.4.6 Then, we obtain the following equations for
the contact in a ferromagnetic side;
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FIG. 1. Schematic view of a spin injection and detection device. The charge
current I flows from one edge of F1 to the left edge of N.
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We note that the second and third terms are the contribution
from the current across the contact, and represent the cou-
pling of the spin and charge currents in the contact region.
The equations for the contact region of the nonmagnetic side
is obtained by exchanging F with N in Eqs.~3! and ~4!.
For applying FEM, we set the width of each metal as
follows; wF15400 nm, wF25200 nm, and wN5250 nm as
described in Ref. 3. The spin-diffusion lengths are 50 and
650 nm in Co and Al, respectively.3 For establishing a suffi-
cient decay of the spin current at the edge of each lead, we
set the length of ferromagnetic and nonmagnetic leads to be
400 and 2400 nm, respectively. The length of the normal
metal between F1 and F2 is assumed to be the same as the
spin diffusion length. In this work, we take the following
parameter values,rcon50.66V mm
2, l ↑N5440 nm, l ↓N
5714 nm, l ↑F5372 nm, andl ↓F5254 nm. We note that the
values of l sF and l sN are comparable to the spin-diffusion
length of Al, and that the value ofrcon is a hundred times
smaller than the experimental value.3 The boundary condi-
tions are set as follows; the charge-current density is 5 and
28 mA/mm2 at the one edge of F1 lead and the left edge of
N lead, respectively. These values correspond to 100mA in
the experimental condition.3 At the other edges of the non-
magnetic and ferromagnetic metals, the charge-current den-
sity is set to be zero. The mesh size is 10 nm. When the
magnetizations in F1 and F2 are parallel~P!, the equation for
ECP is represented in symmetric matrix. Then, we can apply
a standard conjugate gradient~CG! method. With antiparallel
~AP! case, the matrix is not symmetric, and the Bi-CG
method is applied.
Figures 2~a! and 2~b! show the ECP and the spin and
charge currents in F1, respectively, where the contact region
is indicated by dotted lines, when the magnetization of F1
and F2 are AP. The charge current injected at one edge of F1
lead flows across the contact to the N lead. The correspond-
ing spin current whose bulk SP is taken to bep50.7 ~Ref. 7!
flows to the N metal. By comparing the spatial distribution of
spin and charge currents, the effect of the spin diffusion is
clearly observed. The spin current flowing across the contact
changes gradually relative to charge current. This gradual
behavior is also seen in the splitting of ECP between up and
down spins.
Figures 3~a! and 3~b! show the ECP and the spin and
charge currents in N, respectively, where the two contact
regions are indicated by dotted lines, when the magnetization
of F1 and F2 are AP. The charge current injected from the
contact with F1 flows to the left edge of N lead, and no
charge current flows in the other part because of the charge
conservation. The spin current injected from the contact with
F1 flows in N to both sides of the contact, and decays with
the spin-diffusion length outside the contact. The spin current
flowing to the right side is modulated by the contact with F2
since F2 plays a role of sink and some of the spin current
flows from N into F2. The rest of the spin current passes
through the contact with F2.
Figures 4~a! and 4~b! show the ECP and the spin and
charge currents in F2, respectively, when the magnetization
of F1 and F2 are AP. The spin current injected from N into
F2 via the contact induces the splitting of spin-dependent
FIG. 2. ~a! Spin-dependent ECP and the~b! spin and charge currents in F1
as a function ofy coordinate. The dotted lines indicate the contact region.
FIG. 3. ~a! Spin-dependent ECP and the~b! spin and charge currents in N as
a function ofx coordinate. The dotted lines indicate the two contact regions.
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ECP in the contact region of F2, and this splitting gets
smaller with the spin-diffusion length of F2 away from the
contact region. The corresponding spin current quickly de-
cays outside the contact. Since the magnetization of F2 is
opposite to that of F1 and tunneling is characterized byl s,F
2 ,
the up-spin ECP shows the large deviation from the value of
ECP in the lead region.
Since the spin dependence of ECP no longer exists at the
edges, we define the spin accumulation signal asm (F2)
2m (N) in the geometry in Fig. 1, wherem (F2) is the value of
ECP at lower edge of F2 andm (N) is the right edge of N. The
values of spin accumulation signal in P and AP are 1.3 and
23.6 meV, respectively. The signs of the spin accumulation
signal agree with the experiment, and the order of magnitude
is consistent with the experimental value.3
As mentioned above, the characteristic length of the cur-
rent distribution on the contact resistivity is comparable to
the dimensions of the contact area. Then we obtain slightly
two-dimensional inhomogeneous distribution of the spin and
charge currents in the contact region. As the contact resistiv-
ity becomes smaller, the characteristic length of contact re-
duces smaller than the contact dimension, and the spatial
dependence should become relevant.
In conclusion, we study the spatial distribution of the
spin current in the nonlocal geometry taking into account the
finite size effect of the contact area by applying finite ele-
ment method in two dimensions. It is shown that the sign and
the order of magnitude of the spin accumulation signal are
consistent with the experiment.3 The global results show
that, when the contacts are tunneling-like, the two-
dimensional inhomogeneous current distribution is slightly
observed in contact area, and the one-dimensional analysis4
is appropriate to evaluate the experimental results.
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FIG. 4. ~a! Spin-dependent ECP and the~b! spin and charge currents in F2
as a function ofy coordinate. The dotted lines indicate the contact region.
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